Rationale Adolescent binge drinking is concerning, as important neurodevelopments occur during this stage. Previous research suggests that binge drinking may disrupt typical brain development, and females may be particularly vulnerable. Objectives We used magnetic resonance imaging (MRI) to examine cortical thickness in adolescent females and males with and without histories of binge drinking. Methods Participants (N=59) were 16-19-year-old adolescents recruited from local schools. Recent binge drinkers (n= 29, 48% female) were matched to non-drinkers (n=30, 50% female) on age, gender, pubertal development, and familial alcoholism. Participants completed a neuropsychological battery and MRI session. Cortical surfaces were reconstructed with FreeSurfer. Results Binge × gender interactions (p<.05) were seen for cortical thickness in four left frontal regions: frontal pole, pars orbitalis, medial orbital frontal, and rostral anterior cingulate. For all interactions, female bingers had thicker cortices than female controls, while male bingers had thinner cortices than male controls. Thicker left frontal cortices corresponded with poorer visuospatial, inhibition, and attention performances for female bingers (r=−0.69 to 0.50, p<0.05) and worse attention for male bingers (r= −0.69, p=0.005). Conclusions Adolescent females with recent binge drinking showed~8% thicker cortices in left frontal regions than demographically similar female non-drinkers, which was linked to worse visuospatial, inhibition, and attention performances. In contrast, adolescent binge-drinking males showed~7% thinner cortices in these areas than nondrinking males. These cross-sectional data suggest either different gray matter risk factors for males as for females toward developing heavy drinking, or differential adverse sequelae.
Introduction
Adolescence is associated with marked increases in binge drinking, defined as ≥4 drinks per occasion for females, or ≥5 drinks per occasion for males (Wechsler and Isaac 1992) . Alarmingly, 23% of twelfth graders report engaging in a binge-drinking episode in the past 2 weeks (Johnston et al. 2011) . Acute excessive alcohol consumption is of great public health concern as it increases an adolescent's likelihood of engaging in risky behaviors like drunk driving, riding with impaired drivers, violence, unsafe sex, and other substance use (Miller et al. 2007 ). While males have historically exhibited higher rates of binge drinking than females, recent surveys have demonstrated a narrowing of this gap, with 31% of males and 20% of females engaging in recent binge drinking during their senior year of high school (Johnston et al. 2009 ). Female binge drinkers may be more vulnerable to psychopathology (SAMHSA 2008) as well as neurocognitive decrements (Hommer et al. 1996 (Hommer et al. , 2001 Jacobson 1986; Mann et al. 1992; Medina et al. 2008; Schweinsburg et al. 2003; Squeglia et al. 2009b Squeglia et al. , 2011 , highlighting the importance of characterizing gender differences in alcohol-use-linked features among adolescents.
Repeated binge drinking may present potential deleterious effects on adolescent brain development (Brown et al. 2008; Squeglia et al. 2009a ). Dynamic and critical brain changes occur between roughly ages 12-20 years (Bava et al. 2010; Silk and Wood 2011) , including thinning of cortices (i.e., decreased gray matter volume) and myelination (i.e., increases in white matter volumes), which correspond to more efficient and specialized information processing (Giedd 2004; Sowell et al. 2004; Spear 2009 ). Cortical thinning during late childhood and adolescence is generally considered to be related to pruning of excess neurons and begins primarily in dorsal parietal cortices, continuing anteriorly to the prefrontal cortex, then posteriorly to the parietal, occipital, and, finally, temporal cortices (Gogtay et al. 2004) , with decreases in dorsal prefrontal cortical volume by late adolescence (Sowell et al. 2001) . Importantly, sexually dimorphic trajectories in neuromaturation have been identified, with development of white and gray matter occurring 1-2 years earlier in girls (Giedd 2004; Lenroot and Giedd 2006) . The effect of binge drinking on this process of cortical thinning during adolescence has not yet been explored.
Deficits related to binge drinking during adolescence and adulthood have been observed in both females and males, but females may be particularly vulnerable to its neurocognitive effects (Caldwell et al. 2005; Hommer et al. 1996 Hommer et al. , 2001 Jacobson 1986; Mann et al. 1992; Medina et al. 2008; Schweinsburg et al. 2003; Squeglia et al. 2009b Squeglia et al. , 2011 . In a recent functional magnetic resonance imaging study of 40 adolescent binge drinkers and 55 demographically similar controls, heavy binge drinking in the past 3 months was associated with gender-specific differences in frontal, temporal, and cerebellar brain activation during a spatial working memory task (Squeglia et al. 2011) . Specifically, female binge drinkers showed less brain activation compared with female controls in eight areas, while male binge drinkers showed greater activation than male controls to the task in four areas, despite equivalent task performance. For female bingers, less brain activation was associated with poorer performance on more sensitive out-of-scanner neuropsychological tests of attention and working memory, while, for male bingers, greater activation was linked to better spatial performance (Squeglia et al. 2011) . These findings support previous reports of altered brain activation patterns associated with heavy drinking in females, while male binge drinkers demonstrated similar response as controls, despite equivalent task performance (Caldwell et al. 2005) . Similarly, longitudinal work has shown that female teens who initiated heavy drinking declined on tests of spatial functioning in contrast to their pre-drinking baseline, whereas girls who did not initiate heavy drinking improved on such tasks (Squeglia et al. 2009b) , and male heavy drinkers did not exhibit the same degree of neurocognitive deficits when compared with male controls.
Gender-moderated differences have also been found in adolescent morphometric studies, where females diagnosed with alcohol use disorders exhibited smaller prefrontal volumes than non-using females, while males with alcohol use disorders had larger prefrontal volumes than male controls (Medina et al. 2008 ). These differences were apparent despite males and females having similar drinking histories.
Currently, the only study of cortical thickness in adolescent substance users compared 18 heavy marijuana users to 18 healthy controls and found that marijuana use was associated with both increased and decreased cortical thickness in frontal, parietal, temporal, and insular regions (Lopez-Larson et al. 2011 ). Participants did not meet criteria for an alcohol use disorder, but other information on their alcohol use was not indicated. Understanding the effect of binge drinking, in particular, on cortical maturation is important due to its widespread occurrence.
This study used magnetic resonance imaging (MRI) data to examine cortical thickness in adolescent males and females with and without histories of binge drinking. Given the relative immaturity in frontal systems during adolescence and the vulnerability of the frontal lobe to alcohol-related insults, we hypothesized that teen binge drinkers would show suggestions of impinged cortical pruning. Specifically, we hypothesized that binge drinkers would have thicker cortices in frontal regions. We also hypothesized that thicker frontal cortices would be more pronounced for females, as previous research suggests females are more susceptible to alcohol-related neurocognitive deficits and that this would be linked to cognitive inefficiency.
Methods and materials

Participants
Participants (N=59) were 16-19-year-old adolescent males (n=30) and females (n=29) recruited from San Diego area public schools as part of neuroimaging studies on adolescent substance use (Bava et al. 2009; McQueeny et al. 2009; Squeglia et al. 2009b; Tapert et al. 2007) . Males with ≥5 and females with ≥4 drinks on more than one occasion in the past 3 months were categorized as binge drinkers (n= 29) (McQueeny et al. 2009; NIAAA 2004; Wechsler et al. 1994) and were matched to non-using adolescents (n=30; <3 drinks total in the past 3 months; no lifetime binge drinking episode) on age, gender, pubertal development, and family history of alcohol use disorder (see Table 1 ). Consent and assent (for participants under age 18) were obtained, and participants were screened for eligibility via youth and parent interviews.
Exclusionary criteria were relatively rigid and designed to reduce potential influences other than binge drinking on brain integrity measures: parental history of psychotic, Participants were well-matched between binge drinking groups and genders (see Table 1 ), with the exception that binge drinking males were about 8 months older than female binge drinkers and male controls, and had larger body mass indices than male controls (p<.05).
Measures
Substance use
The Customary Drinking and Drug Use Record (Brown et al. 1998 ) obtained self-reported quantity and frequency of lifetime, past year, and past 3 month alcohol, tobacco, marijuana, and other drug use. Estimates of blood alcohol concentration were calculated using peak number of drinks, duration of consumption, gender, and body mass index (Fitzgerald 1995; Widmark 1922) . The Timeline Followback (Sobell and Sobell 1992 ) assessed substance use quantity and frequency for the 30 days prior to scanning, with temporal cues to aid recall. Breathalyzer, urine toxicology, and corroborating information from a parent and one other biological relative were collected to increase accuracy of self-report information (Jones and Sigall 1971) .
Neuropsychological measures
A neuropsychological battery was completed within 1 week of scanning to assess cognitive domains previously associated with alcohol-related deficits. Measures of executive functioning, attention, and planning/spatial skills hypothesized to be correlated with frontal cortical thickness were: Delis-Kaplan Executive Function System (D-KEFS) ColorWord Interference (condition 3 time to complete) and Towers tests (total achievement score; Delis et al. 2001 ), Wechsler Adult Intelligence Scale-III (WAIS-III) Digit Span (Wechsler 1997) , and Complex Figure copy and 30-min accuracy and delay (Loring and Meador 2003; Meador et al. 1993; Rey and Osterrieth 1993; Taylor 1969) . Wide Range Achievement Test-3 Reading scores (Wilkinson 1993) were obtained as a measure of premorbid functioning and intellectual capacity. Complete neuropsychological data were available for 11 female bingers and 13 male bingers.
Family background
The Family History Assessment Module (Rice et al. 1995) , administered to youth and parents, ascertained familial density of substance use disorders by adding 0.5 for each biological parent and 0.25 per biological grandparent (Zucker et al. 1994 ), endorsed by youth or parent as having an AUD or other substance use disorder. Socioeconomic background information (i.e., educational attainment, occupation, and salary of each parent) was obtained from parents and converted to a Hollingshead Index of Social Position score (Hollingshead 1965) .
Development
Pubertal Development Scale total scores (Petersen et al. 1988) were obtained to assess pubertal staging, which was calculated separately by gender.
Psychopathology and mood
Parents of participants aged 16 to 18 years completed the Child Behavior Checklist (Achenbach and Rescorla 2001) , and youths aged 18 to 19 years living independently from parents completed the Adult Self Report (Achenbach and Rescorla 2001 ) to obtain age-and gender-normed continuous measures of internalizing and externalizing psychopathological syndromes. The Beck Depression Inventory-II (Beck et al. 1996) and Spielberger State Anxiety Inventory (Spielberger et al. 1970 ) assessed mood state at the time of scanning. No participant scored in the clinical range on any psychopathological or mood measure.
Procedures
Imaging
High-resolution anatomical images were collected at the UCSD Keck fMRI Center from a 3-Tesla CXK4 short bore Excite-2 MR system (General Electric, Milwaukee, WI) with an eight-channel phase-array head coil. Participants were placed comfortably on the scanner table, and the head was stabilized within the head coil using foam cushions (NoMoCo Pillow, La Jolla, CA). Scan sessions involved a 10-s scout scan to assure good head placement and slice selection covering the whole brain, followed by a sagittally acquired high-resolution 3D T1-weighted anatomical MRI that lasted 7 min and 26 s (FOV 24 cm, 256×256×192 matrix, 0.94×0.94×1 mm voxels, 176 slices, TR=20 ms, TE=4.8 ms; flip angle 12˚).
Data analysis
Cortical thickness measurement
Cortical surface reconstruction and cortical thickness estimation were performed using FreeSurfer (version 5.0, http://surfer.nmr.mgh.harvard.edu). The FreeSurfer program utilizes a series of automated imaging algorithms to produce measures of cortical thickness Fischl and Dale 2000; Fischl et al. 1999 Fischl et al. , 2004 . The process first involves intensity normalization, Talairach transformation, skull-stripping, and labeling of the subcortical white matter. The white matter border is then tessellated by placing two triangles at each face (square) that separates white matter voxels from other voxels (i.e., gray matter). This initial coarse tessellation is then smoothed via surface deformation algorithm that is guided by local MRI intensity gradients to optimally place smooth gray/white and, by deforming outward, gray/cerebrospinal fluid (CSF) borders at the location where the greatest shift in intensity defines the transition to the other tissue class Dale and Sereno 1993; Fischl and Dale 2000) . The smoothing produced from the spatial intensity gradients across tissue classes frees the surfaces from being reliant on the absolute signal intensity. Thus, this surface rendering process yields data that are not constrained to the voxel resolution of the original images, allowing for the quantification of submillimeter group differences (Fischl and Dale 2000) . Cortical thickness was calculated as the closest distance from the gray/white matter boundary to the gray matter/CSF boundary at each vertex on the cortical surface (Fischl and Dale 2000) . The validity of the cortical thickness measurement procedures has been verified using manual measurements (Kuperberg et al. 2003; Salat et al. 2004 ) and histological analysis (Rosas et al. 2002) .
One rater (LMS), blind to participant characteristics, followed the reconstruction procedures (http://surfer.nmr. mgh.harvard.edu/fswiki/RecommendedReconstruction) to identify and correct any errors made during the cortical reconstruction. This involved verification of the Talairach transformation and of the automated skull stripping, as well as a coronal plane slice-by-slice inspection of the gray/ white and gray/CSF surfaces. Modifications to the surfaces were made as necessary to correct for tissue misclassifications (e.g., residual dura matter classified as cortex). Following inspection, an automated parcellation procedure divided each hemisphere into 32 independent cortical regions, including 13 frontal lobe regions, based on gyral and sulcal features (Desikan et al. 2006; Fischl et al. 2004 ). Cortical thickness estimates of each frontal region were extracted for subsequent statistical analysis.
Statistical analyses
Cortical thickness values, averaged across each parcellation region, were imported from FreeSurfer to SPSS for each participant. In SPSS, analyses of covariance (ANCOVA) examined main effects of binge drinking status, gender, and binge × gender interactions (p<.05, per region of interest) on cortical thickness values (i.e., 13 left and right frontal regions), controlling for demographic factors that varied between groups (i.e., age and body mass index) as well as intracranial volume. While male binge drinkers reported greater recent drinking quantities (i.e., approximately twice as many peak drinks per binge drinking occasion and twice as many average number of drinks per drinking day) than female binge drinkers, female binge drinkers reported more other substance use than male binge drinkers (see Table 1 ). Therefore, lifetime drinking, marijuana, and other drug use days were controlled for in follow-up analyses, in addition to previously mentioned demographic factors. Post hoc ANCOVAs were used for pairwise comparisons (p<.05). Exploratory follow-up analyses correlated cortical thickness and neuropsychological test scores using SPSS, with Type I error correction set at p<.05 per region of interest.
Results
Main effects There was no main effect of binge status or gender on cortical thickness. Fig. 1 and Table 1 ). While findings would not have survived strict Bonferroni corrections, the effect sizes were medium. Generally, each interaction showed the same pattern: female binge drinkers had thicker cortices than female controls, while male binge drinkers had thinner cortices than male controls (see Fig. 1 ). Post hoc ANCOVAs, controlling for age, body mass index, and intracranial volume, were run on males and females separately in the four regions with significant binge × gender interactions. Male binge drinkers had significantly thinner cortices than male controls in three regions: left pars orbitalis, left medial orbital frontal, and left rostral anterior cingulate (p<0.05; 4-7% thinner). Female binge drinkers had significantly thicker cortices than female controls in the frontal pole (p=0.005; 8% thicker). Fig. 1 Left hemisphere frontal lobe parcellation regions with significant binge × gender interactions (N=59; female bingers=14, female controls=15, male bingers=15, male controls=15). For all interactions, female bingers had thicker cortices compared with female controls, and male bingers had thinner cortices than male controls. Bar graphs represent raw data. *p<.05, **p<.005
Binge × gender interactions in regions of interest
A whole-brain analysis examined if additional regions (i.e., other than frontal regions of interest) exhibited significant binge × gender interactions (p<.05); no additional interactions were observed. To ensure that lifetime substance use variables that differed between genders did not account for these findings, lifetime alcohol, marijuana, and other drug use days (see Table 1 ) were controlled for in addition to demographic factors and intracranial volume; results remained unchanged.
Behavioral correlates For binge drinkers, two-tailed Pearson correlations examined relationships between cortical thickness in the four areas with significant binge × gender interactions and neuropsychological tests of spatial functioning, attention, and executive functioning (see Table 1 for specific tests), to determine if cortical thickness was associated with behavioral deficits. For female binge drinkers (n=14), thicker cortices corresponded with worse performance on tests of visuospatial construction, inhibition, and attention. Specifically, thicker left pars orbitalis areas correlated with worse visuospatial construction accuracy scores p=0.02) , and the thicker left frontal poles significantly correlated with worse inhibition (slower D-KEFS Color Word Interference Condition 3 time, r=0.50, p=0.05) and worse attention (WAIS-III Digit Forward raw scores, r= −0.64, p=0.01). For male bingers (n=15), thicker rostral anterior cingulate correlated with worse attention (WAIS-III Digit Forward raw scores, r=−0.69, p=0.01; see Fig. 2 ). Cortical thickness was not correlated with marijuana or other substance use.
Discussion
This is the first study we are aware of that used cortical thickness indices to examine the effect of alcohol use on adolescent brain development. This study utilized highresolution MRI datasets to examine cortical thickness in a sample of 59 well-matched healthy adolescent males and females with and without histories of binge drinking (i.e., Fig. 2 Correlations between neuropsychological measures and cortical thickness in female (magenta) and male (blue) binge drinkers ≥5 drinks for males and ≥4 drinks for females on at least one occasion in the past 3 months). As hypothesized, significant binge × gender interactions on cortical thickness were found in four left frontal regions: frontal pole, pars orbitalis, medial orbital frontal gyrus, and rostral anterior cingulate. For each interaction, female binge drinkers had thicker cortices than female controls, while male binge drinkers had thinner cortices than male controls. Thicker frontal cortices were associated with poorer neuropsychological functioning for female binge drinkers. The effect of binge drinking on cortical thickness held after controlling for substance use history, suggesting that binge drinking in particular is associated with greater alterations in neuroarchitecture than more frequent drinking at lesser quantities. These findings are compelling because these adolescents are relatively high-functioning, involved in fairly normative levels of drinking that do not reach alcohol dependence criteria, have no current or past psychological or neurological disorders, and have minimal, if any, current other substance use.
Female binge drinkers in the current study demonstrated thicker cortices, which in turn corresponded to poorer neuropsychological performance. Previous evidence of cortical thinning throughout adolescence suggests that gray matter reductions are the result of synaptic refinement that subserve efficient neural processing (Giedd 2004; Sowell et al. 2004; Spear 2009 ). Our finding that female drinkers have thicker cortices than male drinkers is particularly notable, considering female cortices begin thinning 1-2 years earlier than males on average (Giedd 2004; Lenroot and Giedd 2006) and could suggest an even greater deleterious effect of drinking on female brain maturation than statistical comparisons indicate. N-methyl D-aspartate (NMDA) receptor functioning is crucial for strengthening synapses and contributing to the loss of less important connections throughout development (Stoneham et al. 2010 ). Thus, it is possible that repeated alcohol exposure during adolescence may interfere with normal NMDAmediated synaptic pruning. In particular, differences in cortical thickness were observed in regions that continue to thin throughout adolescence, such as lateral prefrontal cortex (Giedd 2004; Lenroot and Giedd 2006) , but not in regions that have already matured. This supports the notion that thicker cortices represent altered pruning and could provide a biological basis for previous findings attributing adolescent substance use to worse neuropsychological performance (Squeglia et al. 2011; Tapert and Brown 1999; Tapert et al. 2002) . A typical cubic millimeter of gray matter in an adult contains 35 to 70 million neurons and almost twice as many glial cells (Lenroot and Giedd 2006; Pakkenberg and Gundersen 1997) , as well as over 500 billion synapses (Scheff et al. 2001) , so even slight differences in cortical thickness could be associated with significant divergence from typical synaptic pruning/gray matter loss across adolescent development. Contrary to hypotheses, male binge drinkers showed thinner (i.e., more mature) cortices than male controls, suggesting binge drinking was not as disruptive to cortical pruning in male adolescents. Male binge drinkers were approximately 8 months older than male controls, so it is expected that they would have thinner cortices; while we controlled for age, this may not have fully accounted for age or pubertal influences.
Since this study is cross-sectional, it is possible that females who develop heavy drinking patterns are more likely to have neural abnormalities that predate substance involvement. Therefore, thicker frontal cortices could be a risk factor for initiating heavy substance use (e.g., less efficient processing of information and problem solving abilities, decreased ability to weigh risks vs. benefits), rather than a consequence of binge drinking. Longitudinal studies are needed to disentangle premorbid differences from alcohol-induced changes in cortical morphometry and establish temporal ordering of these features and behaviors.
In the current study, thicker cortices in adolescents were associated with worse behavioral performance. This was particularly the case for females, which corresponds with our previous findings that less brain activation in female bingers was associated with worse sustained attention and working memory (Squeglia et al. 2011) . Although overall, binge drinking males had thinner cortices than male controls, those binge drinking males with thicker cortices were more likely to have worse attention scores. This corresponds to our overall hypothesis that thicker cortices were associated with less neurodevelopment. These neurobehavioral findings may suggest greater disruptions in brain-behavior relationships among females and a heightened vulnerability to subtle yet deleterious effects of alcohol use on neuromaturation, but this notion requires confirmation in longitudinal studies. Previous evidence has similarly suggested greater susceptibility to alcohol-related brain changes among women as compared with men (Caldwell et al. 2005; Hommer et al. 1996 Hommer et al. , 2001 Jacobson 1986; Mann et al. 1992; Medina et al. 2008; Schweinsburg et al. 2003; Squeglia et al. 2009b Squeglia et al. , 2011 .
These results also parallel past morphometric (Medina et al. 2008 ) and recent functional MRI findings (Squeglia et al. 2011 ) that showed analogous alcohol use × gender interactions in frontal regions for adolescents who engage in heavy drinking. The observed gender-specific patterns may relate to divergent neuromaturation trajectories, hormonal vacillations, and differences in alcohol metabolism between female and male adolescents. Hormonal fluctuations stimulated by alcohol use (Emanuele et al. 2001; Kim et al. 2003) or differences in female metabolism, body fat ratios, and lower body weight (Frezza et al. 1990; Wechsler et al. 1995) could also explain the observed gender-specific differences.
Limitations of this study include the cross-sectional design, as differences in cortical thickness could precede or follow binge drinking. While marijuana and other drug use were statistically controlled for in analyses, it is possible these variables continue to confound the findings. Illicit drug use was relatively limited (on average, 16 lifetime marijuana use days for females, 4 for males; 6 lifetime other substance use days for females, 1 for males), and no participant met criteria for a marijuana or other substance use disorder. Therefore, it is possible but unlikely that cooccurring limited drug use influenced outcomes. Longitudinal research, already in progress, will help determine temporal sequence of alcohol use and brain development abnormalities. Additionally, the sample is comprised of healthy, high-functioning adolescents, so findings may not generalize to clinical or lower-functioning samples. However, these findings have important clinical and public health implications, particularly given the participants' limited, sub-diagnostic alcohol use, limited other substance use, and absence of psychopathology. The normative practice of binge drinking during this crucial maturational period could have a negative impact on long-term academic, occupational, and social functioning extending into adulthood.
In conclusion, binge drinking during adolescence is associated with gender-specific differences in typical frontal cortical thickness. This raises the possibility that females may be more susceptible to the adverse neurodevelopmental effects of heavy alcohol use during adolescence. Greater cortical thinning is related to more proficient performance for both female and male adolescents. This is the only study we are aware of that has examined cortical thickness in heavy-drinking adolescents and one of only two to examine cortical thickness in adolescent substance users (LopezLarson et al. 2011 ). Future longitudinal research should examine the significance of cortical thickness in relation to alcohol consumption, as heavy binge drinking during this time may impact behaviors such as academic performance, driving safety, and neuropsychological performance.
